it is likely that aspartate 264 is involved in these proton transfer events. To investigate this possibility, site-directed mutagenesis was employed to convert aspartate 264 to alanine, asparagine, glutamate, glutamine, lysine and histidine. Biochemical characterization of these TGT mutants revealed that only the conservative glutamate mutant retained catalytic activity, with K M values for both tRNA and guanine 3-fold greater than those for wild-type, while the k cat was depressed by an order of magnitude. 
FIGURE 1
In eubacteria, TGT is one of several enzymes that comprise the Q-tRNA biosynthetic pathway. This enzyme catalyzes the exchange of a genetically encoded guanine at position 34 of substrate tRNAs for the queuine precursor, preQ 1 (7- aminomethyl-7-deazaguanine, Figure 1 ) (6) . Once incorporated into the polynucleotide chain, preQ 1 -modified tRNA undergoes further chemical transformation through at least two subsequent enzymatic steps to yield the final queuosine-tRNA product (7, 8) .
antibiotic target (11, 12) .
The x-ray crystal structure of the TGT from Zymomonas mobilis has been solved in the presence of the preQ 1 substrate (13) . Inspection of this structure suggests the existence of a single binding site that can accommodate either the guanine or preQ 1 base.
Moreover, this structure allows for the identification of potential catalytically relevant active site residues. Studies in our laboratory and others have determined that aspartate 89 (corresponding to 102 in Z. mobilis, for clarity E. coli numbering will be used throughout this paper) acts as a nucleophile in the TGT reaction, whereby its attack upon the 1' ribosyl carbon leads to the displacement of the wobble position guanine via the formation of a TGT-RNA covalent intermediate ( Figure 2 ) (14, 15) . Recently, studies of the TGT kinetic mechanism have demonstrated that the TGT reaction proceeds via pingpong kinetics, whereby tRNA is the first substrate to bind to the enzyme (16) . This result is strongly supportive of an associative mechanism for TGT catalysis.
FIGURE 2
Examination of the TGT reaction products indicates that protonation of the displaced guanine and deprotonation of the incoming preQ 1 must occur during catalysis.
However, the mechanism of these proton transfer events remains unclear. Based on its position in the active site, it seems likely that aspartate 264 (strictly conserved in all known TGT sequences) may be involved in protonation of the displaced guanine and/or deprotonation of the incoming preQ 1 during catalysis.
To explore the significance of aspartate 264 in the TGT chemical mechanism, we have generated and characterized a series of mutant TGTs, each containing a different amino acid at position 264. The biochemical characterization of the mutant TGTs indicates that aspartate 264 is critical for TGT catalysis and is consistent with a role in both protonation of the displaced guanine and deprotonation of the incoming preQ 1 .
Materials and Methods

Reagents:
Unless otherwise specified, chemical reagents were from either Sigma or Aldrich. (19) . The RNA and DNA (dG) phosphoramidite monomers, as well as the CPG columns, were from Glen Research.
Construction of Aspartate 264 Mutant TGTs
QuikChange" site-directed mutagenesis (Stratagene) was used to introduce the desired mutations of aspartate 264 into the wild-type TGT expression plasmid, phtTGT(wt) (14) . In brief, complementary oligonucleotides (175 ng), each containing the mutation of interest, were mixed with 800 ng of template phtTGT(wt) DNA, and 0.003 units of Vent ® DNA polymerase and subjected to 15 PCR cycles of the following temperature sequence: 94 ºC for 1 minute, 50 ºC for 1 minute, 72 ºC for 5.5 minutes. 
Expression & Purification of Aspartate 264 Mutant TGTs
Each aspartate 264 TGT mutant was overexpressed with an amino-terminus histidine-tag in the BL21 (DE3) pLysS bacterial strain and purified via nickel affinity chromatography as described previously (14) . The final concentration of each of the TGT mutants was determined using the Bradford method (Bio-Rad protein assay kit).
The purified TGTs were stored in liquid nitrogen until needed.
Activity Screen
A previously described guanine-exchange assay was used, with slight modification, to assess the catalytic activity of each of the aspartate 264 TGT mutants (20, 21) . Enzyme (350-500 nM) was introduced into a reaction mixture (400 µL) of TGT assay buffer (100 mM HEPES (pH 7.3), 20 mM MgCl 2 , and 5 mM DTT) containing 20
µM ECY tRNA and 20 µM [8-14 C] guanine (56 mCi/mmol). Over four hours, 6 x 60 µL aliquots were withdrawn at designated time points, quenched in 2 mL of 5% TCA, the precipitate was collected on glass microfibre filters (Whatman GF/C), and the radioactivity was quantitated by liquid scintillation counting (LSC). Enzyme activity was assessed from plots of guanine incorporation versus time using the Kaleidagraph software package (Synergy software). Assays were conducted in replicate.
Covalent Complex Assay: Denaturing PAGE
The ability of the aspartate 264 TGT mutants to form a covalent complex with tRNA was assessed using a denaturing PAGE bandshift assay (14) . Briefly, enzyme (5 µM) was incubated for 1 h at 37 ºC with a 10-fold molar excess of the mini-helical RNA substrate, dG 34 -ECYMH, in 10 µL of TGT assay buffer (100 mM HEPES (pH 7.3), 20
mM MgCl 2 , and 5 mM DTT). Immediately following the 1 h incubation, the reactions were diluted 1:1 with SDS Buffer (60 mM Tris•HCl (pH 6.8), 2% SDS, 10% glycerol, and 0.01% bromophenol blue) and allowed to incubate at room temperature for an additional 1 h. Aliquots (4 µL) of each reaction were loaded onto an 8-25%
polyacrylamide gradient gel and run under denaturing conditions following vendor's protocols (Pharmacia). The gel was stained with Coomassie blue to visualize the protein bands.
Cleavage of the Covalent Complex by Exogenous Nucleophiles
The ability of guanine, preQ 1 , and hydroxylamine to effectively diminish the amount of TGT-RNA complex, as generated above, was investigated. Essentially, TGT (5 µM) was incubated in 40 µL of TGT assay buffer containing a 10-fold molar excess of the mini-helical RNA substrate, dG 34 -ECYMH, as described above. After 1 h, the reaction mixture was divided into 4 separate reactions (8 µL) and to each was added 2 µL of either dd H 2 O, 500 µM guanine, 500 µM preQ 1 base, or 5 M hydroxylamine (pH 7.3).
Incubation continued at 37 ºC for 30 minutes, after which time each reaction was immediately diluted 1:1 with SDS buffer (60 mM Tris•HCl (pH 6.8), 2% SDS, 10%
glycerol, and 0.01% bromophenol blue) and subjected to incubation at room temperature for an additional 1 h. As described above, denaturing PAGE followed by Coomassie blue staining was used to visualize the TGT-RNA covalent complex. To better estimate differences in band intensities, the gels were scanned in 16-bit grayscale and the band intensities were quantitated using the Molecular Analyst software package from Bio-Rad (See Discussion).
Initial Velocity Kinetics: TGT(D264E)
Kinetic parameters for TGT(D264E) were determined for both the tRNA and guanine substrate via Michaelis-Menten analysis of initial velocity data that was obtained using the guanine exchange assay. 
X-Ray Crystallography & Structure Determination of Zymomonas mobilis
TGT(D280E)
Attempts to determine the three-dimensional structure of the E. coli TGT have been unsuccessful. However, the highly homologous (55% sequence identity) TGT from
Zymomonas mobilis has been amenable to crystallization and X-ray structure determination (13) . Therefore, we have generated the mutation (D280E) in the Z. mobilis
TGT that corresponds to D264E in the E. coli TGT following the method of Grädler et al. (22) . Z. mobilis TGT(D280E) was purified and crystallized as described previously (13).
Crystals were soaked overnight with preQ 1 at 22 °C in a buffer composed of 5% (w/v) PEG 8000, 10% (v/v) DMSO, 100 mM Tris•HCl (pH 8.5), 1 mM DTT and 50 mM preQ 1 . X-ray data were collected on a Rigaku RU-300 rotating anode generator (Rigaku/MSC) operating at 50 kV and 100 mA and equipped with focussing mirrors (MSC/Yale) and an R-AXIS IV image plate detector. Crystals were flash cooled in nylon-fiber loops in a 100 K nitrogen gas stream provided by an X-stream cryo system.
As a cryo buffer, a solution consisting of 50 mM HEPES (pH 7.5), 16% (w/v) PEG 8000
and 30% (v/v) glycerol was used. Diffraction data were indexed and processed using the programs DENZO and XDISP (23) . The pre-processed data were then scaled and merged using SCALEPACK (23) . The structures were refined through several cycles of least squares refinement along with an energy minimization using CNS and Shelxl (24) .
Manual adjustments to the electron density have been performed using O (25) . The statistics of data collection and refinement are listed in Table 1 . The coordinates of the preQ 1 -bound structure of the Z. mobilis TGT(D280E) have been deposited in the Protein Data Bank with the accession code 1PXG.
TABLE 1
Results
Activity Screen
In the absence of preQ 1 , TGT will catalyze the exchange of guanine 34 of this activity represents only 12% of the specific activity (as reflected by k cat , Table 2) observed for TGT(wt) (14) . In addition, the other five aspartate 264 mutant TGTs also displayed low-levels of guanine exchange activity; however, in each case, the observed activity was approximately 3 orders of magnitude lower than that of TGT(wt). Activity of this magnitude has been previously observed in our laboratory for mutants of the TGT nucleophile, aspartate 89, and was attributed to the presence of wild-type TGT contamination that is carried over from the bacterial host strain (14) .
Covalent Complex Formation
The presence of a "stable" (covalent) TGT-RNA complex has been observed under mildly denaturing conditions (14, 15) . Furthermore, during the investigation of the TGT recognition of tRNA, a correlation between the formation of this covalent complex and enzymatic activity was identified (21) . The ability of the aspartate 264 mutants to form a TGT-RNA covalent complex was assessed using the mini-helical RNA analogue, dG 34 -ECYMH. This analogue is a truncated form of the E. coli tyrosyl tRNA (ECY)
consisting of the anticodon stem and loop, with a 2'-deoxyguanosine substituting for the guanosine found at the wobble position (i.e., position of TGT catalysis). Importantly, dG 34 -ECYMH has been shown to be a substrate for TGT and is used in this assay because it exhibits a higher extent of covalent complex formation under experimental conditions (19) .
In the absence of tRNA, histidine-tagged TGT(wt) migrates to a M r of 44 kDa (42 kDa for TGT + 2 kDa for the histidine tag) under denaturing conditions. As seen in Figure 3 (odd lanes), in the absence of tRNA, each of the TGT mutants exhibits migratory patterns similar to that observed with TGT(wt). However, in the presence of the mini-helical RNA, dG 34 -ECYMH (even lanes), only TGT(wt) and TGT(D264E) demonstrate the ability to form a TGT-RNA complex, as evidenced by the appearance of a second band around 50 kDa. This result is consistent with the fact that TGT(D264E)
was the only TGT mutant in the series to exhibit guanine exchange activity.
Interestingly, based on visual inspection of the band intensities, TGT(D264E) appears to form a greater amount of covalent complex with dG 34 -ECYMH when compared to TGT(wt) under the same conditions.
FIGURE 3
Cleavage of Covalent Complex
The reactivity of the TGT-RNA covalent complex with exogenous guanine, preQ 1 , and hydroxylamine was examined. In these experiments, the addition of excess guanine or preQ 1 to the TGT-RNA reaction mixtures essentially mimics catalytic conditions and would therefore be expected to reduce the amount of TGT-RNA covalent complex via TGT turnover. In contrast, hydroxylamine is not a normal substrate for TGT; however, given its intrinsic nucleophilicity, it was expected that hydroxylamine could cleave the TGT-RNA covalent complex.
In the complex formed between TGT(wt) and dG 34 -ECYMH, the addition of excess guanine diminishes the amount of covalent complex (from ca. 60% to 35%), while the addition of excess preQ 1 completely cleaves it (Fig 4B) . The fact that guanine does not completely eliminate the complex is likely due to the fact that the guanine exchange reaction catalyzed by TGT is reversible and therefore, equilibrium is achieved. Not surprisingly, as was seen with preQ 1 , the addition of excess hydroxylamine also completely cleaves the covalent complex that is formed between TGT(wt) and RNA.
Similar results were obtained for the covalent complex formed from TGT(D89E), the glutamate mutation of the nucleophilic aspartate ( Figure 4B ) (14) . The presence of excess guanine reduces the amount of TGT-tRNA covalent complex (from ca. 70% to 50%), while the addition of excess preQ 1 and hydroxylamine result in complete elimination of the complex. In contrast, the covalent complex formed from TGT(D264E) demonstrated markedly different results. As with the other two enzymes, the addition of guanine resulted in diminishing the amount of covalent complex (from ca. 80% to 50%).
However, unlike the previous enzymes, the addition of preQ 1 only reduced (80% to 40%) the amount of covalent complex. Only the addition of excess hydroxylamine was able to completely cleave the covalent complex.
FIGURE 4
Kinetic Parameters of TGT(D264E)
Owing to the fact that TGT(D264E) was the only aspartate 264 mutant to demonstrate sufficient guanine exchange activity, kinetic parameters were determined only for this mutant ( Figure 5 ). As seen in Table 2 , a slight increase was observed in the K M values for both guanine and tRNA for TGT(D264E) with respect to TGT(wt). For both substrates, the K M s were approximately 3-fold greater for TGT(D264E).
Furthermore, the observed k cat values are depressed by an order of magnitude for TGT(D264E), resulting in a 30-fold reduction of the specificity constant (k cat /K M ). The specific activity for the corresponding mutation, (D280E), in the Z. mobilis TGT exhibited a significant decrease relative to wild-type (data not shown).
It should be noted that, in Figure 5A , the initial velocities appear to be decreasing at high tRNA concentrations. These data do fit to a substrate inhibition equation
(uncompetitive inhibition by substrate). The K M and k cat are not significantly different and the K i is ca. 35 µM (100-fold greater than K M ). However, we do not believe that substrate inhibition is occurring for three reasons: 1-we have never seen this before for any of the mutants that we have studied, 2-there is no obvious manner in which two tRNA molecules could bind to the enzyme (necessitated by the uncompetitive inhibition mode) and 3-the apparent drop in initial velocity at higher tRNA concentrations is within the experimental error.
In comparison to the identical mutant of the nucleophilic aspartate, TGT(D89E), the tRNA K M value of TGT(D264E) was approximately 4-fold greater, while that for guanine was approximately 9-fold lower. The k cat of TGT(D264E) was 4-fold lower than that observed for TGT(D89E).
FIGURE 5 TABLE 2
Structure Determination of Zymomonas mobilis TGT(D280E)
In order to provide a structural framework in which to interpret the biochemical properties of the TGT(D264E), we introduced the analogous mutation (D280E) into the crystallizable Z. mobilis TGT and determined its structure in complex with preQ 1 . The structure shows only minor changes in comparison to wild-type TGT. In particular, the terminal carboxylate group of glutamate 264 is in a similar position as the side chain carboxylate group of the original aspartate, consistent with the significant enzymatic activity of the mutated enzyme ( Figure 6 ). The wild type aspartate side chain is slightly better defined in the electron density compared to the glutamate side chain which is reflected by the B values (31.0 for C β in wt vs. 40.6 for C γ in D280E). A preQ 1 molecule was fit into the difference density in an orientation almost identical to that of preQ 1 bound to wild-type TGT. In the wild-type structure, an extended, well ordered hydrogen bonding network is mediated by two water molecules to the side chain 
Discussion
One putative requirement of the TGT chemical mechanism is that guanine 34 of substrate tRNAs be protonated either prior to or concomitant with its displacement from the polynucleotide chain. Furthermore, the incoming base, preQ 1 , must be deprotonated prior to its nucleophilic attack upon the 1 ribosyl carbon and subsequent reformation of the β-nucleotide linkage. Previously, structure-activity studies performed on a series of 7-substituted-7-deazaguanines (i.e., preQ 1 analogues) confirmed the importance of the deprotonation of preQ 1 for TGT catalysis (26) . It was observed that analogues having an electron-donating substituent at the 7 position exhibited a lower V max than those with an electron-withdrawing substituent, suggesting that deprotonation of N9 is at least partially rate limiting in TGT catalysis. Furthermore, analogues exhibiting a reduction in V max had pK a values (at N9) that were greater than 13, consistent with deprotonation of the incoming preQ 1 (pK a = 15) being a prerequisite for the reformation of the C-N glycosidic bond (27) .
It is possible that the protonation of the displaced guanine and the deprotonation of the incoming preQ 1 base could be carried out by a single active site amino acid residue serving as both a general acid and a general base. The crystal structure of the Z. mobilis
TGT bound to preQ 1 shows that aspartate 280 (264 in E. coli) is located in the active site, residing approximately 6 Å from the nucleophilic catalyst, aspartate 102 (89 in E. coli) (13) . Furthermore, a multiple sequence alignment of known TGTs shows that aspartate 264 is absolutely conserved. Given this, it is likely that aspartate 264 is serving an important role in TGT catalysis. As such, it was intriguing to speculate that this active site residue may be involved in the aforementioned proton transfer events. The crystal structure shows that the distance between the side chain carboxylate of aspartate 280 and N9 of preQ 1 is 4.8 Å and is thus too long for a direct interaction. Therefore, the proton transfer event probably requires a water molecule as a mediator. In the crystal structure of preQ 1 bound to wild-type TGT there are two water molecules (W1 and W2 in Figure   6b ) present at positions between the side chain carboxylate of aspartate 264 and N9 of preQ 1 , which could fulfill this role. It should be noted that during catalysis, tRNA is bound to the enzyme and the ribose moiety of the wobble nucleoside must occupy a portion of the active site and might significantly influence the positions of water molecules within the active site.
To investigate the role of aspartate 264 in proton transfer, a series of TGT mutants was generated whereby the native aspartate at position 264 was replaced with alanine, asparagine, glutamate, glutamine, lysine, and histidine. Each of the mutant TGTs was screened for guanine exchange activity under normally-saturating substrate conditions (20 µM tRNA and 20 µM guanine). Interestingly, only the conservative TGT(D264E) mutant exhibited significant activity compared to TGT(wt). However, the catalytic efficiency of this mutant was only ca. 3% of that of TGT(wt). Presumably, this is the result of sub-optimal orientation of the larger glutamate side-chain within the TGT active site. It is important to note that the lack of activity observed for the other five mutants of aspartate 264 is unlikely to be caused by a gross structural change of the active site, as all mutants in the series were able to non-covalently bind tRNA under native conditions (data not shown). The kinetic parameters of TGT(D264E) ( Table 2) Modification of cysteine 265 was thought to block substrate access to the active site.
Given our current findings, another likely possibility is that the modified cysteine 265 may interfere with aspartate 264, preventing it from carrying out its critical function and resulting in the observed inactivity.
A key role for aspartate 264 is further evident by the fact that TGT(D264E) is the only mutant in the series that is capable of forming a covalent complex with RNA as judged by SDS-PAGE ( Figure 3 ). All evidence suggests that TGT catalysis proceeds via an associative mechanism whereby the first half of the reaction mechanism is The fact that only the TGT(D264E) mutant will form the covalent intermediate suggests that protonation of guanine 34 must occur either prior to, or concomitant with, covalent complex formation. Our results suggest that aspartate 264 is at least partially responsible for the protonation of the leaving group. While the intrinsic pK a of the aspartic acid side-chain may argue against its utility as a general acid in the TGT mechanism, it is not unreasonable to believe that upon binding the tRNA substrate, the pK a of this residue may be increased, possibly due to the abundance of negative charge associated with the phosphodiester backbone of the polynucleotide. Alternatively, it is equally possible that when bound to tRNA, the active site undergoes a conformational change that could result in elevating the pK a of aspartate 264. Unfortunately, the precise positioning of aspartate 264 in the TGT-RNA complex is not known.
In an effort to further probe the importance of proton donation to guanine, we substituted aspartate 264 with both histidine and lysine. Based on the pK a values of the side-chains, both of these residues should be expected to be protonated at physiological pH; therefore, it is not unreasonable to believe that they would be able to serve the 
FIGURE 7
Interestingly, the differences in guanine K M values of TGT(D89E) and TGT(D264E) are consistent with the differing roles of these two active site aspartates (Table 2 ). The increased K M associated with TGT(D89E) might result from a slight displacement of the TGT-RNA complex in the active site, caused by the larger glutamate side-chain, making it more difficult for guanine to bind (hence the higher K M ). Such a scenario is consistent with the identified nucleophilic role for aspartate 89. In contrast, the guanine K M value for TGT(D264E) is strikingly similar to that of TGT(wt), suggesting little change in the guanine binding pocket. b R sym = ΣI -‹I›/ΣI, where I is the observed intensity and ‹I› is the average intensity for multiple measurements. c R-factor = ΣF obs -F calc /ΣF obs , where F obs and F calc are observed and calculated bulk solvent corrected structure factors, respectively. R free is the cross validation R-factor calculated for 3% of the reflections omitted in the refinement process. 
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